Background and Purpose-Conventional imaging methods cannot depict the vessel wall of intracranial arteries at sufficient resolutions. This hampers the evaluation of intracranial arterial disease. The aim of the present study was to develop a high-resolution MRI method to image intracranial vessel wall. Methods-We developed a volumetric (3-dimensional) turbo spin-echo (TSE) sequence for intracranial vessel wall imaging at 7.0-T MRI. Inversion recovery was used to null cerebrospinal fluid to increase contrast with the vessel wall.
receive coil for transmission (Nova Medical). We developed a volumetric (3-dimensional) inversion recovery turbo spin-echo (TSE) sequence, in which the inversion pulse was used to null the cerebrospinal fluid for contrast with the vessel wall. Black blood was obtained because of flow between excitation and refocusing in the TSE train. A dedicated refocusing train with low and varying refocusing pulse angles was applied. The pulse angles for the train were calculated according to the approach described by Busse et al, 18 which is optimized to obtain a constant signal response during the readout train and, hence, a sharp point-spread function, with low refocusing angles. The angles were computed, given the echospacing of 4.7 ms and train length of 116 echoes, and using a T1/T2 of 2500/50 ms, a minimum refocusing angle of 15 degrees, and a maximum angle of 90 degrees. Low refocusing angles lead to a high flow sensitivity, which contributed to the black blood appearance. Furthermore, the low refocusing angles yielded a limited specific absorption rate of the refocusing train. Because of the varying orientation of the vessels and branches of the circle of Willis, isotropic voxels were used to ensure quality of vessel wall depiction independent of vessel orientation. Finally, to improve the signal-tonoise ratio of the vessel wall, magnetization preparation was applied before the inversion pulse, leading to saturation of tissues with short T2 compared to the T2 of cerebrospinal fluid. 19 This yields saturation recovery instead of inversion recovery for these tissues and, hence, more signal at the moment of acquisition.
For this magnetization preparation inversion recovery (MPIR) TSE sequence, the following scan parameters were used: field of view 220ϫ180ϫ13 mm 3 in transverse orientation, acquired resolution 0.8ϫ0.8ϫ0.8 mm 3 (0.5 L), echo train length (TSE factor) of 116 (including 4 start-up cycles), repetition time 6050 ms, inversion time 1770 ms, echo time 23 ms, magnetization preparation mixing time 250 ms, no SENSE was applied, and 2 averages were acquired to avoid free induction decay (FID) artifacts. The scan duration was Ϸ12 minutes.
For possible depiction of lesion activity, we administered 0.1 mL/kg of a gadolinium-containing contrast agent (Gadobutrol; Gadovist 1.0 mmol/mL; Bayer Schering Pharma) to all patients and obtained vessel wall information before and Ϸ5 minutes after contrast administration.
Angiography Sequence
For confirmation of the observed vessels seen on the MPIR-TSE images, a 3-dimensional time-of-flight MRA by means of fast field-echo sequence was added to the scan protocol with the following parameters: field of view 180ϫ180ϫ110 mm 3 in transverse orientation, acquired resolution 0.4ϫ0.5ϫ0.6 mm 3 , repetition time 22 ms, echo time 2.5 ms, flip angle 25 degrees, receiver bandwidth 202 Hz/pixel, and scan duration Ϸ10 minutes.
Offline Postprocessing and Assessment
MPIR-TSE images were analyzed on an offline workstation (Philips) by 2 observers who sought to identify the vessel walls of the major arteries of the circle of Willis and its branches. The 3-dimensional format with isotropic resolution allowed multiple reformatting depending on local vessel orientation, which was used for assessment of both vessel wall and possible vessel wall lesions. Time of flight MRA data were used to identify the observed vessels on the MPIR-TSE images. For assessment of contrast enhancement of the (local) vessel wall, the postgadolinium MPIR-TSE scans were registered to the precontrast scans using rigid mutual information registration 20 with partial volume interpolation (32 bins; sampling factors: xϭ4, yϭ4, zϭ1). After coregistering, precontrast and postcontrast registered images were subtracted to obtain only those areas with contrast enhancement. After obtaining the subtracted images, both precontrast and postcontrast scans as well as the subtracted images were put in a viewing format that allowed for direct comparison between enhancing areas and concomitant vessel wall anatomy. To see whether normal contrast enhancement had taken place, the infundibulum was assessed for enhancement on the subtracted images.
Study Population
Our sequence was tested on healthy volunteers and patients with a high chance of intracranial vessel wall pathology. This prospective study was approved by the Institutional Review Board of the University Medical Center Utrecht, the Netherlands. All subjects gave written informed consent. Healthy volunteers without known cardiovascular disease were recruited by advertisement posters in the University Medical Center Utrecht in November and December 2009. Hereafter, all consecutive patients presenting with arterial ischemic stroke or transient ischemic attack (TIA) of the anterior cerebral circulation at the neurology ward of the University Medical Center Utrecht between December 2009 and January 2011 were screened for inclusion in the present study. Patients who were unable to endure the MRI examination because of their clinical condition, healthy volunteers and patients with contraindications for 7.0-T MRI (claustrophobia, metal objects in or on the body), and patients with a known allergic reaction to gadolinium-containing contrast agents or impaired renal function were excluded.
Results

Volunteer Studies
Seven healthy volunteers (3 males; mean age, 30 years; range, 20 -55 years) without known cardiovascular disease were included in the study and scanned with the MPIR-TSE sequence. Vessel wall of the distal internal cerebral artery, basilar artery, M1 segment of the middle cerebral artery, A1 segment of the anterior cerebral artery, and P1 segment of the posterior cerebral artery could be visualized along their complete trajectories in all volunteers (Supplemental Figure I , http://stroke.ahajournals.org). Also, in most subjects the vessel wall of the smaller A2, M2, and P2 branches of the anterior cerebral artery, middle cerebral artery, and posterior cerebral artery, respectively, could be identified and tracked along their course on the MPIR-TSE images. It was difficult to distinguish the vessel wall of these smaller branches when it was immediately adjacent to brain parenchyma (Supplemental Figure I ). The quality of the vessel wall depiction was independent of the vessel orientation. No signs of gross artifacts from insufficient flow spoiling within the TSE train were observed.
Patient Studies
Between December 2009 and January 2011, 344 patients with ischemic infarct and 267 patients with TIA of the anterior cerebral circulation were admitted to the University Medical Center Utrecht, of whom 173 patients were excluded because of MRI contraindications and 226 patients were excluded because of their clinical status. In total, 35 patients (18 males; mean age, 59 years; range, 26 -83 years) were included in the study, of whom 16 had experienced an acute ischemic stroke and 19 patients had experienced a TIA. All patients were scanned within 1 week after symptom onset. In 6 patients (17%) an underlying pathology other than atherosclerosis was diagnosed clinically (Moyamoya disease, reversible vasoconstriction syndrome, other vasculopathy of unknown cause, fibromuscular dysplasia, internal cerebral artery dissection [twice]). In 4 patients no cause for TIA or stroke was found. In 3 patients vessel wall MRI examinations were of insufficient quality for vessel wall assessment because of motion artifacts.
Of the 32 remaining patients in whom vessel wall could be assessed, 21 had identifiable vessel wall lesions on the MPIR-TSE sequence in major intracranial arteries (anterior cerebral artery, middle cerebral artery, or posterior cerebral van der Kolk et al 7-T Intracranial Vessel Wall MRI 2479 artery with their respective major branches; Table) , 10 of the 17 TIA patients (59%) and 11 of the 15 stroke patients (73%). Seven of these 21 patients had only 1 vessel wall lesion; in the remaining 14 patients, intracranial lesions were detected at multiple locations (Table) ; in 4 patients 2 lesions were found, 5 patients showed 3 lesions, and in 5 patients Ͼ3 lesions were found, totaling 52 lesions. Lesions most often consisted of a small focal or more elongated thickening of the arterial vessel wall (Supplemental Figure II , http://stroke.ahajournals.org), sometimes of the whole vessel circumference, and causing luminal stenosis as seen on conventional imaging (time-offlight MRA) in only 14 of 52 lesions (Figures 1, 2) . Image subtractions from precontrast and postcontrast MPIR-TSE scans showed enhancement in 11 of the 52 locations of an intracranial lesion (Table, Figures with an intracranial lesion, a lesion was present in an artery of the flow territory in which the ischemic event had occurred.
Discussion
In the present study we developed the 3-dimensional MPIR-TSE MR sequence to image intracranial arterial vessel wall of normal nondiseased intracranial arteries and possible pathological arteries. With the use of 7.0-T, we achieved high image resolution and sufficient sensitivity to allow identification of vessel wall of the major arteries of the circle of Willis in all subjects, including healthy controls. Only a few studies have thus far succeeded in imaging the intracranial arterial vessel wall using MRI. [13] [14] [15] [16] [17] Niizuma et al 13 visualized middle cerebral artery vessel wall with 3.0 T in 3 patients but not in healthy controls. Swartz et al 14 found enhancement patterns of different pathologies such as athero- 17 differentiated wall thickening, arterial remodeling, and atherosclerotic plaque with their 3.0-T T2-weighted sequence in symptomatic and asymptomatic patients with intracranial middle cerebral artery stenosis. They used relatively thick slices (2 mm), which had to be planned perpendicular to the vessel, which makes it difficult to image the complete circle of Willis. None of these studies used cerebrospinal fluid suppression to improve contrast between cerebrospinal fluid and vessel wall and to avoid possible misinterpretation of cerebrospinal fluid signal around a vessel for signal from the vessel wall. We have used 7.0-T field strength for further development of an intracranial vessel wall sequence; 7.0 T yields a higher signal-to-noise ratio compared to lower field strengths, but intracranial vessel wall imaging remains challenging. The vessels of the circle of Willis do not have a single orientation, which prohibits the use of thick slices perpendicular to the vessel orientation, as is normally performed in imaging of the carotid artery wall. 22 Second, inhomogeneity in the radiofrequency transmit field at 7.0 T leads to a reduced flip angle in the occipital and temporal lobes of the brain, making small, more peripherally located arteries more difficult to identify. However, this was not a limiting factor for identifying the vessels of the circle of Willis. Third, no body transmit coil is available with 7.0-T systems, so nonselective inversion as used in dual-inversion black blood sequences cannot be used. In the MPIR-TSE sequence, we used the intrinsic flow sensitivity of TSE to obtain dark blood attributable to flow between excitation and refocusing in the TSE train.
Our results show the ability of the MPIR-TSE sequence to detect lesions and healthy intracranial vessel wall. Arteries surrounded by cerebrospinal fluid, such as the major branches of the circle of Willis, are best visible because of the cerebrospinal fluid suppression applied in the sequence. This is especially useful in older individuals because atrophy of the brain causes the arteries to be surrounded by more cerebrospinal fluid. The majority (66%) of the patients in our study had Ն1 lesions in major intracranial arteries. Only 27% of the lesions (14/52) caused a stenosis, as seen on conventional time-of-flight MRA images. Hence, the majority of the lesions probably would have gone undetected by luminography-based methods. Several patients showed vessel wall lesions in an arterial territory contralateral to the side of neurological symptoms. This indicates that the lesions are not always directly related to the ischemic event. The burden of intracranial lesions probably reflects the presence and severity of more generalized arterial wall pathology 23 in a patient. We believe that the presented method has potential to examine the relationship between intracranial arterial vessel wall pathology and TIA or ischemic stroke, for instance, in clinical longitudinal studies. In this regard, the MPIR-TSE sequence also could be used complementary to the current diagnostic imaging techniques for identifying intracranial vessel wall pathology, like atherosclerosis or Moyamoya disease, in a minimally invasive way.
The current study has some limitations. First, we scanned only a limited number of healthy volunteers. By scanning more subjects with no known cardiovascular diseases, we will be able to better discern pathological vessel wall changes from normal vessel wall and facilitate the need for a reference standard regarding vessel wall thickness. In the older healthy volunteer, vessel wall was more clearly visible than in the younger volunteers (Supplemental Figure I ). With the current data, we are not able to judge whether this is a consequence of normal aging of the vessel wall 24 or asymptomatic vessel wall pathology. Second, for everyday clinical use, 7-T MRI is still hampered by strict safety rules, which currently make the MPIR-TSE sequence only applicable to a subgroup of patients. In our study, only some of all eligible patients could be scanned because of these safety rules. We expect that with technical improvements, such as an increase in the number of receive elements in a head coil, the signal-to-noise ratio at lower field strengths may improve to such a level that the resolution needed for vessel wall imaging with MPIR-TSE or other sequences may become feasible at 1.5-T and 3.0-T MRI field strengths in the future. Third, we used an MRI sequence with small coverage (ie, a transverse slice of 13 mm) and a relatively long acquisition time of Ϸ12 minutes. Because of the small coverage, small arterial branches of the large circle of Willis arteries often could not be tracked completely. Enlarging the coverage results in even longer acquisition times, prolonging the time subjects have to lie completely still. However, the majority of subjects tolerated the acquisition time well, with limited motion artifacts. Moreover, even with the restricted coverage the large intracerebral arteries arising from the circle of Willis could be assessed completely.
Conclusions
In conclusion, intracranial vessel wall and its pathology can be depicted with MPIR-TSE imaging on 7.0-T MRI in healthy volunteers and in ischemic stroke and TIA patients. This sequence makes it possible to study the role of intracranial arterial wall pathology in stroke and TIA in more detail.
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